A model has been developed aiming at the description of the effect of thermal modification on the electrical conductivity of wood. The intention was to calculate the moisture content (MC) of thermally modified timber (TMT) through the parameters electrical resistance R, wood temperature T, and CIE L*a*b* color data, which are known to correlate well with the intensity of a heat treatment. Samples of Norway spruce (Picea abies Karst.) and beech (Fagus sylvatica L.) samples were thermally modified in laboratory scale at 11 different heat treatment intensities and the resistance characteristics of the samples were determined. Within the hygroscopic range, a linear relationship between the resistance characteristics and the mass loss (ML) through the heat treatment was established. Based on this, a model was developed to calculate MC from R, T, and ML. To validate this model, color values of 15 different TMTs from industrial production were determined for estimation of their ML and fed into the model. MC of the 15 arbitrarily heat-treated TMTs was calculated with an accuracy of ± 3.5% within the hygroscopic range. The material-specific resistance characteristics based on experimental data led to an accuracy of ± 2.5%.
Introduction
In recent years, thermal cell wall modification has become one of the most established wood modification processes in Europe with still increasing market volume (Welzbacher and Scheiding 2011) . Initially, thermally modified timber (TMT) has been produced for outdoor application due to its improved dimensional stability and durability against wood-destroying fungi (Tjeerdsma et al. 1998 (Tjeerdsma et al. , 2002 Vernois 2001; Welzbacher 2007) . More recently, TMT is also considered for indoor use, for instance, as parquet flooring or furniture (Militz 2008; Jones 2012 ). Higher durability as well as dimensional stability of TMT is closely related to lower water sorption (Tjeerdsma et al. 1998; Welzbacher 2007; Olek et al. 2013; Ringman et al. 2013) . In other words, the hygroscopicity of wood is reduced through thermal modification due to changes of chemical composition and structural changes of the cell wall. In particular, the number of reactive hydroxyl groups and thus the number of sites for binding water molecules is decreased (Krackler et al. 2011) . The intensity and the type of heat treatment are essential with this regard (Vernois 2001; Hofmann et al. 2008; Welzbacher et al. 2012; Wetzig et al. 2012 ). In the hygroscopic range, the equili brium moisture content (EMC) of TMT can be reduced by more than 50% (Schneider 1966 (Schneider , 1971 (Schneider , 1973 Burmester 1970 Burmester , 1981 Wang and Cooper 2005; Schnabel et al. 2007; Welzbacher 2007; Akyildiz and Ates 2008) .
The knowledge of the actual MC of TMT is important in view of its altered moisture uptake behavior (CEN 2007) . For example, in parquet or window joinery, the correct EMC needs to be known before installation or assembling to avoid unacceptable dimensional changes in service. For TMT in outdoor applications, the actual MC plays an important role for determining the risk of decay under certain conditions (Meyer et al. 2012) . MC measurements based on electrical resistance (R) are common (Du 1991; Forsén and Tarvainen 2000) , because they are rapid and accurate over a wide measuring range and can be performed automatically by means of data logging devices (Brischke et al. 2008) . On the contrary, a lot of parameters have an effect on the electrical conductivity (σ) of wood and need to be considered for MC measurements, such as wood species, origin, anatomical direction, T, type and amount of extractives, and the type and position of electrodes (Davidson 1958; Brown et al. 1963; Du 1991; Brischke et al. 2008) . Several authors recommended determining wood species-specific resistance characteristics in addition to a temperature compensation of the measurements Brischke et al. 2008; Meyer et al. 2012) . Beyond that, the impregnation of wood with preservatives as well as chemical and thermal modification have the potential to alter σ (Holleboom and Homan 1998; Smith et al. 2007; Meyer et al. 2012 ). According to Hearle (1953) and Brown et al. (1963) , R is affected by (1) the number or concentration of conducting ions (i.e., the number of charge carriers) and (2) the mobility of the existing charges, which means the ease of charges to move in an electric field. Thermal modification is believed to cause changes of the cell wall nanostructure coming along with changes of accessibility and transportability of ions and an increase of ions dissociated from acetic and formic acid formed during heat treatment (Tjeerdsma et al. 1998; Weiland and Guyonnet 2003; Wikberg and Maunu 2004) .
Thus, R measurements on TMT are influenced by many parameters among which the treatment intensity is the most relevant. Therefore, this study aimed on developing a model that generally describes the relationship between thermal modification intensity and σ (and R). The expectation is that the model will allow applying resistance-based MC measurements on an arbitrarily treated piece of wood without the need for a material-specific characteristic.
Materials and methods

TMT -laboratory-scale production and conditioning
In total, 155 specimens of 25 (tan.) × 25 (rad.) × 80 (ax.) mm 3 were prepared from each European beech (Fagus sylvatica L.) and Norway spruce (Picea abies Karst.). The specimens were oven-dried at 103°C until constant mass (m 0,1 ), weighed to the nearest 0.001 g, and submitted to a laboratory thermal modification process according to the parameters shown in Table 1 . Before heat treatment, the specimens were wrapped tightly in aluminum foil to minimize oxidation processes. The mass loss (ML) by thermal modification was determined after weighing the specimens again after the treatment (m 0,2 ) according to Eq. (1).
Two holes of 4 mm diameter and with a depth of 17°mm were drilled into each specimen for installation of measuring electrodes. The distance between both holes was 30 mm, which were shifted by 6 mm from the axial direction to avoid crack formation. Specimens were afterwards oven-dried again and weighed. From a total of 15 replicates per batch (treatment intensity), 3 replicates were dedicated to each moisture conditioning regime. For conditioning, specimens were stored in ventilated miniature climate chambers over saturated salt solutions for up to 10 weeks: NaCl, target relative humidity (RH) 75%; KCl, target RH 85%; and K 2 SO 4 , target RH 97%. To establish also MC above fiber saturation (40% and 50%), specimens were vacuum-pressure impregnated with distilled water (4 kPa for 20 min→750 kPa for 30 min), kept submersed for further 24 h, and afterwards dried down to the respective target MC at room temperature (20°C). As soon as the specimens reached their target weight, they were tightly packed into polyethylene bags and stored at 5°C for at least 96 h.
TMT -industrial-scale production and conditioning
To validate the model describing the relationship between MC, R, and modification intensity, a second set of specimens was prepared from industrially heat-treated timber. In total, 15 different TMTs of unknown heat treatment intensity were used, 4 Norway spruce (TMT 1-4, treated in nitrogen atmosphere) and 11 European beech (TMT 5-12, treated in nitrogen atmosphere, and TMT 13-15, treated in water vapor). From each TMT, n = 30 replicate specimens of 20 × 30 × 50 (ax.) mm 3 were prepared (5 per target MC) and provided with two bore holes for installation of electrodes as indicated above. Conditioning of the specimens was done in analogy to the specimens from laboratory production apart from vacuum-pressure impregnation: After 20 min vacuum at 4 kPa, a pressure phase was applied for 15 min at 750 kPa followed by 24 h water submersion. The specimens were dried to the target MC (i.e., 50%).
Electrical resistance measurements at different temperatures
For measuring R, pairs of polytetrafluorethene-coated stainless steel electrodes (length, 45 mm) were driven centrally into the bore holes. The mass of the specimens with and without electrodes was determined to the nearest 0.001 g. The specimens were tightly packed into polyethylene bags after connecting the electrodes with data logging devices with the help of crocodile clamps. To obtain different T for calibration, the packed specimens were put into precision incubators for conditioning them exactly at 4°C, 20°C, and 36°C. Exposure to a certain T did not exceed 2 h, whereby the T of a reference specimen was recorded with a data logger (Thermofox; Scanntronik, Zorneding, Germany). R was measured by data logging devices type "Materialfox" (Scanntronik). The data loggers were equipped with three ports. The measuring ranged from 2 × 10 4 to 5 × 10 8 Ω and a sampling interval of 5 s was chosen. The measuring principle is based on the discharge-time-measurement method. First, a capacitor was charged through a very small ohmic R and then discharged through the material to be measured. Based on the time needed for discharging, R can be calculated. Directly after measuring R, the specimens were weighed again (m c ) to determine gravimetric MC according to Eq. (2).
Determination of resistance characteristics
Based on the triples -R(10lgΩ), gravimetrically determined MC, and T -an approximation was sought for each material. Therefore, the method of least square was applied with the help of MS Excel Solver. The exponential function shown in Eq. (3) was used as base function to display the whole MC range considered. The material-specific variables a to i were sought.
In addition, smoothing functions for hygroscopic behavior of wood between 0 and 30% MC were determined based on a linear function according to Skaar (1988) as shown in Eq. (4) using material-specific variables a to c.
CIE L*a*b* color measurements
Color measurements were conducted on planed surfaces at three points per specimen with a colorimeter (Spectro-Guide Sphere Gloss; BYK-Gardner GmbH, Wiesbaden, Germany). The measurements were taken in CIE L*a*b* coordinates. A cumulated color value based on the addition of the lightness L* and the chromatic coordinates of the blue-yellow axis b* (L*+b*) was calculated and correlated with ML, as suggested by Brischke et al. (2007) .
Results and discussion
ML and EMC
Expectedly, the ML caused by evaporation of wood substances during the heat treatment increased with increasing treatment times and temperatures in agreement with the literature (Tjeerdsma et al. 2002; Paul 2006; Welzbacher et al. 2007 ). In total, thermal modification intensity covered a range between 0.0 and 15.7% ML for beech and 0.0 and 10.4% for Norway spruce (Table 1) , which is approximately the range pursued in industrial TMT production (Welzbacher 2007) . The beech specimens showed higher ML compared with spruce specimens modified with same treatment parameters, which can be explained by the higher content of pentosans of beech (as a hardwood), which are less thermally stable than the hexosans in softwoods (Tjeerdsma et al. 2002; Weiland and Guyonnet 2003) . In analogy to ML, the EMC of the TMT is significantly reduced. This is shown for three different climates in Table 1 . The reasons for reduced sorption of TMT is still not fully understood but most likely attributed to a decreased number and accessibility of the hydroxyl groups in the cell wall (Tjeerdsma and Militz 2006; Ringman et al. 2013) . Accordingly, the lower EMCs will influence the R characteristics of TMT. In extreme, the EMC was reduced by 57% compared with the untreated controls for beech (B5) and by 46% for spruce (S5) as shown in Table 1 . However, the target MC above fiber saturation was unaffected.
Resistance characteristics for the whole MC range
For all thermally modified beech and spruce, resistance characteristics were determined according to the function shown in Eq. (3) . Exemplarily, such characteristics are presented in Figure 1a /b for untreated beech wood and beech treated at 220°C for 4 h. The relationship between MC, T, and R was found to be defined based on nine variables a to i. It became apparent that different treatment intensity levels led to different R characteristics. Generally, TMT showed significantly lower R compared with untreated wood, which might be due to acetic and formic acid formed during heat treatment (Tjeerdsma et al. 1998; Weiland and Guyonnet 2003; Wikberg and Maunu 2004) . In contrast, a decrease in density as well as the cleavage of hemicellulose side chains may have the opposite effect (Stamm 1964; Vermaas 1984; Du 1991) , but obviously these parameters do not superpose the effect of dissociated acids serving as charge carriers in wood. Furthermore, R decreased with increasing T at constant MC, which has been reported earlier by Lin (1967) , James (1968) , and Du et al. (1991) .
The feasibility of this approach has been shown earlier for different native, modified, and preservative-treated timbers (Brischke et al. 2008; Fredriksson 2010; Meyer et al. 2012 ). The obtained regression suffered from increasing variation with increasing MC. The accuracy of the measurements in the hygroscopic range was found to be sufficient apart from single outliers, whereas the variation increased remarkably above fiber saturation (Figure 2a ). This might be explained not only by increasing MC coming along with increasing amount of free water in the cell lumina but also with increasing heterogeneity of moisture distribution in the specimens. On the one hand, capillary water uptake of TMT is considered to be higher compared with untreated wood (Vernois 2001; Metsä-Kortelainen et al. 2006 ); on the other hand, its sorption is generally decreased; therefore, water transport into and through cell walls hindered or decelerated (Ringman et al. 2013) .
Besides increasing error in measurement (Figure 2a ), the progression of the regression curves for the different TMTs differed remarkably stronger above fiber saturation as shown for constant T at 20°C in Figure 3a /b. In contrary, the relationship between gravimetric MC and logarithmic R was almost linear below fiber saturation of wood, which is in line with results from Skaar (1988) and Gellerich et al. (2012) . For this reason, in the following, the interdependency between thermal modification intensity, R, MC, and T will be analyzed for the hygroscopic range exclusively.
Resistance characteristics for the hygroscopic range
R characteristics were determined for the hygroscopic range between 0 and 30% MC based on Eq. (4) according to Skaar (1988) . The relationship between R and MC is shown in Figure 1a′ untreated beech and beech treated at 220°C for 4 h. Due to a linear correlation, the T parameter shifted the characteristics solely on the ordinate (Figure 1a′/b′) . Furthermore, the impact of T on R was significantly reduced compared with the untreated wood, which became apparent through smaller parallel shift of the R characteristics of TMT. The error estimation for both wood species as shown in Figure 2b revealed only marginal variation of ± 2.5%, which coincides with most other studies on unmodified timber (Du 1991; Du et al. 1991; Forsén and Tarvainen 2000; Fredriksson 2010) .
In analogy to the examples in Figure 1a′ /b′, all linear regression curves have similar gradients and they were shifted toward lower MC as a function of increasing treatment intensity (i.e., increasing ML). Consequently, R decreased with increasing treatment intensity at constant T.
To allow for a more precise description of the relationship between heat treatment intensity and R, the original base function [Eq. (4)] was extended aiming at the consideration of ML as a measure of treatment intensity. Because T solely led to a shift of the characteristics on the ordinate axis and a is a material-specific constant, their gradients depend only from the term b⋅R. Due to the small variation among gradients of the different R characteristics, the parameter b was assumed to be the average gradient d of all characteristics for each wood species. In the case of temperature being T = 0, the function depends only on R and the material-specific constant a [Eq. (5)].
The ordinate value was thus shifted depending on the respective material-specific constant a and the function MC(R) gave an array of straight lines provided that T = 0. The respective ordinate intercepts for the different TMT batches can be seen from the arrays of straight lines shown in Figure 3a′ /b′. To describe the interrelationship between the different R characteristics and the ML, a projection rule was sought, which allowed to project, for instance, a(B1) on a(B2) (Figure 3a′ ). As the materialspecific constant a decreased with increasing treatment intensity, a linear relationship was assumed and both parameters were correlated as shown in Figure 4 . For both wood species, a satisfying linear correlation was achieved, which can be expressed as follows [Eq. (6)]:
where e and f are material-specific variables. Consequently, the relationship between MC, R, and ML can be described for T = 0 as follows [Eq. (7)]:
To allow consideration of T as another influence parameter, which can also be described as parallel shift of the R characteristics on the ordinate, an additional term was added to Eq. (7). Thus, according to Eq. (8), MC can be described as function of R, T, and ML. 
MC(R; T; ML) = dR+e⋅ML+f+gT
Correlation between color values and heat treatment intensity
The cumulated color values L*+b* correlated well with ML, which can be seen as reliable measure of the heat treatment intensity (Bekhta and Niemz 2003; Brischke et al. 2007; Altgen et al. 2012) . The color values decreased with heat treatment intensity; consequently, the wood was darkened as shown for both wood species in Figure 6 . Similar correlations were found in former studies with heat-treated Norway spruce, beech, and further 12 wood species (Walter 2010; Welzbacher et al. 2012) ; thus, the color data seem to be reliable to characterize the thermal modification intensity. Consequently, in the following, the ML of the second set of specimens, which were prepared from industrially heat-treated timber, has been calculated from the regression functions given in Figure 6 .
Validation of the model on industrial TMTs
The model that describes the effect of thermal modification on σ was validated by means of 15 different TMTs from industrial production. For each material, a resistance characteristic was determined for the hygroscopic range based on Eq. (4). For comparison, further characteristics were derived from Eq. (9) for beech (TMT 5-15) and Eq. (10) for Norway spruce (TMT 1-4). Then, MLs were calculated based on color values L*+b* according to the regression curves shown in Figure 6 with Eqs. (11) A comparison of directly determined R characteristics for industrially produced TMT and characteristics based on the model are exemplarily presented in Figure 7 . The model shows significantly better fit with the experimental characteristics for TM-Norway spruce compared with TMbeech. For beech, the gradient of the regression lines was, to some extent, steeper, which led to some inaccuracy of the modeled MC. The directly determined characteristics based on experimental data (Figure 8a approximation compared with laboratory-scale TMTs ( Figure 5 ). In contrast, the accuracy was lower if MC was modeled based on color, R, and T data (Figure 8b ).
Conclusions
The need to determine material-specific characteristics is well known for high accuracy of MC measurements (Lin 1967; Du et al. 1991; Brischke et al. 2008; Meyer et al. 2012) . Various wood-inherent parameters have an influence on σ and may interact, which leads to scattering results. In the case of TMT, further uncertainties accrue, such as heat treatment intensity, and need to be considered, which is not possible through direct measurements. The indirect determination of the modification levels by means of color values is generating another source of error.
The model developed was found to be feasible in particular for the hygroscopic range, which is traditionally considered for R-based MC measurements. In addition, L*+b* color values could serve as auxiliary quantity to determine the heat treatment intensity of a wood piece with unknown heat treatment history. Application of sensors for measuring R, T, and color data within one device would be advantageous for TMT characterization. The accuracy of modeled R characteristics based on color data ( ± 3.5%) was less satisfactory compared with direct measurements of experimental data ( ± 2.5%). A comparison of laboratory-and industrial-scale TMTs is difficult as the parameters concerning the heat-up phase, postconditioning, oxygen content in the chamber, initial MC, and heating medium (nitrogen, steam, oil, and wax) may be very different. Most of all, the models must be wood specific, as the effects of wood species are larger than those of the other parameters. Moreover, further studies should also cover a broader range of MC; therefore, resistometers are needed that allow resistance measuring up to 10 9 Ω.
